We have studied the lattice structure of variously oriented lead iron niobate (PFN) thin films with thicknesses of 50 < t < 500 nm that were deposited by pulsed laser deposition (PLD). We have identified that (001)-, (110)-, and (111)-oriented PFN thin films have tetragonal, orthorhombic, and rhombohedral phases at room temperature, respectively. The change in phase stability, when deposited on substrates of different orientations, is discussed with respect to the influence of epitaxial stress.
I. INTRODUCTION
Lead iron niobate, Pb(Fe 1/2 Nb 1/2 )O 3 or PFN, is a relaxor ferroelectric, with a Curie temperature range (or temperature of dielectric maximum, T max ) of T c ≈ 376 to 393 K. [1] [2] [3] The structure of PFN has been an interesting topic since the material was first reported by Smolenskii et al. in 1958 . 1 It has been reported that the structure of PFN ceramics is rhombohedral (R) with lattice parameters of a r ‫ס‬ 4.0123 Å and ␣ r ‫ס‬ 89.89°in the ferroelectric phase at room temperature, and cubic (C) above T c in the paraelectric phase. 1, [4] [5] [6] Later, PFN single crystals were grown, and a ferroelectric → ferroelectric phase transformation was reported at 353K. 7 Using highresolution x-ray diffraction (XRD), Ehses and Schmid showed that the ferroelectric → ferroelectric transformation was T → R, 8 where the T phase is sandwiched between C and R ones over a narrow temperature region (40 K) on cooling below T c . The C and T phases are commonly accepted as established; however, in recent years, the existence of the R phase has become more controversial. Bonny et al. 3 and Lampis et al. 9 reported PFN crystals to be monoclinic (M) at room temperature, whereas other neutron 10 and single-crystal 7, 8 studies again reported it to be R.
Strontium ruthenate, SrRuO 3 (SRO), which is often used as a bottom electrode because of its low resistivity, was first reported by Randall and Ward in 1959. [11] [12] [13] At room temperature, bulk SRO has a GdFeO 3 -type 14 orthorhombic structure with lattice constants of a o ‫ס‬ 5.5670 Å, b o ‫ס‬ 5.5306 Å, and c o ‫ס‬ 7.8446 Å. 15 It can also be seen as a slightly distorted pseudocubic perovskite with single unit-cell lattice constants of a pc ‫ס‬ b pc ‫ס‬ c pc ‫ס‬ 3.923 Å, ␣ ‫ס‬ ␤ ‫ס‬ 90°, and ␥ ‫ס‬ 89.6°; or as a pseudo-orthorhombic double unit cell with a po ‫ס‬ 5.57 Å, b po ‫ס‬ 5.53 Å, c po ‫ס‬ 3.92 Å, and ␣ ‫ס‬ ␤ ‫ס‬ ␥ ‫ס‬ 90°. Strontium titanate, SrTiO 3 (STO), is a good choice for a substrate because of its cubic perovskite structure with lattice constant of a c ‫ס‬ 3.905 Å at room temperature.
Thin films are known to sometimes have different lattice structures and/or constants, relative to corresponding bulk material forms, due to constraints imposed by substrates. Accordingly, epitaxial films might provide the chance to study the properties of a material in a different crystal structure (or lattice constant) than that available to crystals/ceramics. [16] [17] [18] [19] For example, BiFeO 3 thin films can be made T, M, or R depending on whether they are deposited on (001), (110), or (111) SrTiO 3 substrates. 18, 19 Previously, several papers have been published on PFN thin films deposited by sol-gel, [20] [21] [22] pulsed laser deposition (PLD), [23] [24] [25] and sputtering. 26 However, the structure of PFN thin layers has not previously been reported. Here, we report an investigation of the crystal structures of variously oriented PFN epitaxial thin films grown on SrRuO 3 -coated SrTiO 3 by PLD. We find that (001), (110), and (111) layers are T, O, and R, respectively. The dielectric and ferroelectric properties of these three phases, some of which do not exist in PFN crystals/ ceramics, are compared. The dependence of lattice parameters on film thickness is also given.
II. EXPERIMENTAL PROCEDURE
To ensure the stoichiometric ratio of different ions, targets of PFN were prepared using a one-step solid-state reaction method. Powders of PbO (99.9%), Fe 2 O 3 (99.945%), and Nb 2 O 5 (99.9%) were batched in stoichiometric ratio, with an excess of 5% PbO. After 3 h calcination at 850°C, samples were sintered for 3 h at 920°C by controlled-atmosphere sintering to reduce Pb loss. Epitaxial thin films of PFN were subsequently deposited by PLD using these targets. Deposition was done on (001)-, (110)-, and (111)-oriented STO substrates. The energy density of the KrF laser (Lambda 305i) (Lambda Physik, Inc., Blacksburg, VA) was 1.6 J/cm 2 at a wavelength of 248 nm. The distance between the target and substrate was 6 cm. The growth rate of the PFN thin films was, for example, 10 nm/min at a deposition temperature of 630°C. A 50 nm SRO layer was used as a buffer layer, which was deposited by PLD at 650°C using a growth rate of 0.7 nm/min. PFN thin films of various thicknesses were grown from 50 < t < 500 nm.
The structural and ferroelectric properties of the thin films were measured. XRD studies were performed using a Philips X'pert (PANalytical, Blacksburg, VA) highresolution system equipped with a two-bounce hybrid monochromator, and an open three-circle Eulerian cradle. The analyzer was a Ge (220) cut crystal that had a resolution of 0.0068°. The x-ray unit was operated at 45 kV and 40 mA with a wavelength of 1.5406 Å (Cu K ␣ ). Line, mesh, and pole-figure scans were obtained to ensure proper identification of the lattice structure of the variously oriented PFN thin films. The (002) and (004), (110) and (220), and (111) and (222) peaks of a STO single crystal were used to calibrate the offset of the XRD unit. The Gauss method was used to approach the position of the peak in the calculation of the lattice constants of PFN, SRO, and STO.
III. RESULTS AND DISCUSSION
A. Crystal structure and lattice parameters of various oriented PFN film at room temperature The lattice parameter c t was 4.068 Å for a 100 nm thick PFN layer as determined from the (002) peak, and a t was determined to be 4.010 Å by analysis of the (002) and (101) peaks. The value of d (111) was then used to verify the value of the lattice parameters c t and a t , whose result was a match. The four values of d {101} were nearly equivalent, where the error difference was smaller than the resolution of the XRD system. Furthermore, for a tetragonal structure, the 〈001〉 (i.e., c-axis) must be a fourfold rotation axis. Figure 1(g) shows a pole-figure scan of the {101} peaks about the same 〈001〉 axis for a (001)-oriented PFN film. Accordingly, there are four equivalent {110} peaks, with nearly the same intensity, which are rotated from each other by an angle of ‫ס‬ 90°. These results clearly confirm that the c-axis of the PFN film is fixed by the (001) axis of the substrate and that there are four equivalent {101} planes consistent with a tetragonal structure.
The structure of the (110)-oriented PFN thin films was a double-cell orthorhombic, or equivalently a limiting monoclinic C (M c ) single-cell representation, as shown . These representations are equivalent, and in this paper we chose to refer to the higher symmetry O structure. Figure 1(h) shows a pole-figure scan of the {200} peaks taken about the 〈110〉 axis of a (110) oriented PFN thin film: two {200} peaks with equal intensity, which are rotated by ‫ס‬ 180°, can be seen consistent with the O structure. For PFN single crystals, Bonny et al. has also reported a monoclinic phase with a double cell at 297 K. 3 The difference between the O phase for (110) oriented PFN thin films and the M phase for single crystal is the angle ␤, which was 90.1°for the crystal (i.e., the M was a slightly distorted O structure).
The structure of the (111) oriented PFN thin film was R, as illustrated in Fig. 2(c) , which was the same as that of PFN crystals/ceramic at room temperature. From analysis of (200) and (110) peaks, we determined that a r ‫ס‬ b r ‫ס‬ c r ‫ס‬ 4.027 Å and ␣ ‫ס‬ 89.96°for a 100 nm thick PFN layer. These same values were also confirmed by analysis of (200) and (111) peaks. Pole-figure scans of the {110} peaks around about the 〈111〉 axis for a (111) oriented film revealed a threefold axis of rotation as shown in Fig. 1(i) . The facts that d (200) ‫ס‬ d (020) ‫ס‬ d (002) and that there was threefold {110} pole scan prove that (111) PFN films are R.
B. Structure of PFN thin films: Role of epitaxial stress and lattice mismatch
The reason why the T phase with c t /a t ‫ס‬ 1.015 is favored for (001) PFN layers is shown in Fig. 2(a) . An axial compressive stress acts along the 〈100〉 and 〈010〉 direction on the (001) face between the PFN film and the (001) SRO/STO substrate. The structure is similar to the intermediate phase of PFN single crystals in the temperature range of 353 to 393 K, but has a change in c t /a t caused by epitaxial constraint. If the film was stress free in all directions and if there was no striction associated with any phase transformations, then the lattice parameters would be a c ‫ס‬ b c ‫ס‬ c c ≈ 4.028 Å at room temperature. However, the lattice parameter of SRO is a c ‫329.3ס‬ Å, which is smaller than that of PFN. Thus, the a t and b t lattice parameters of PFN thin films are compressed equally to 4.010 Å, and c t expanded to 4.068 Å. The tetragonal cell volume is nearly equivalent to that of the presumed C, as a t 2 c t ‫ס‬ a c 3 ‫ס‬ 65.4 Å 3 . The reason why the O phase is favored for (110) films is that an anisotropic stress acts along the 〈001〉 and 〈110〉 directions on the (110) face between the PFN film and SRO/STO substrate, as illustrated in Fig. 2(b) . Since in the (110) plane the compressive stress along 〈001〉 c is larger than that along 〈110〉 c in the (110) The (111) film is R, similar to crystals/ceramics. An isotropic compressive stress is applied by the (111) SRO/ STO substrate on the PFN film, as shown in Fig. 2(c) . Accordingly, (111) PFN thin films cannot change their crystal structure, and the R phase is maintained. Interestingly, the R lattice parameters of the film are larger (a r ‫ס‬ 4.027 Å) than those previously reported for PFN crystals (a r ‫ס‬ 4.012 Å); however, the cell volume of the film is nearly equal to that of the presumed C structure (a r 3 sin ␣ r ‫ס‬ a c 3 ‫ס‬ 65.4 Å 3 ). The constraint stresses are different for the variously oriented films because of the different stacking patterns on the substrate surfaces, as illustrated in Fig. 2(d) . The stacking patterns on the (001), (110), and (111) SRO/ STO substrate surfaces are square, rectangular, and triangular, respectively. Although the lattice constant of PFN is slightly larger (2% to ∼4%) than that of SRO, PFN grew epitaxially on SRO/STO substrates. Thus, a constraint stress is generated, and the stresses are different for the variously oriented substrates.
C. Phase transformational sequences with temperature
The dependence of the lattice parameters of a 150 nm thick (001) oriented PFN thin film on temperature is shown in Fig. 3(a) . In this figure, we can see a change in the slope of the thermal expansion near 400 K, which is close to the T c previously reported for crystals/ceramics. The lattice parameters in both the high-and lowtemperature phases were tetragonal. Thus, we designate the transformational sequence as T → TЈ, where presumably T is paraelectric and TЈ is ferroelectric. A tetragonal distortion of c t /a t ‫ס‬ 4.014 persists to 600 K, whose linear extrapolation to the deposition temperature of 900 K yields c t /a t ‫ס‬ 1.012. This demonstrates that a tetragonal distortion was induced by epitaxial stress from the substrate during the film formation, rather than by a consequence of a ferroelectric phase transformation.
However, for the (110) and (111) oriented PFN thin films, the structural distortions from the cubic prototype are a direct consequence of a ferroelectric transformation. The dependence of the lattice parameters for 150 nm thick (110) and (111) PFN thin films on temperature are shown in Figs. 3(b) and 3(c) . In these figures, we can again see a change in slope of the thermal expansion at a Curie temperature of T c ≈ 400 K, which corresponds to that of crystals/ceramics. 1, 2 In both cases, the high-temperature phase is cubic. However, the structures of the low-temperature ferroelectric phases were different: (110) was O, and (111) was R. The values of the lattice parameters in both cases were quite similar over the entire temperature range.
D. Thermal expansion of PFN thin films
The volumetric/linear thermal expansion coefficients (TECs) (␤/␣) of STO and PFN that were previously reported in the literature are summarized in Table I . The volumetric TEC of STO is constant (3.23 × 10 −5 K −1 ) over a wide temperature range (300 to ∼2000 K). [27] [28] [29] For PFN, the volumetric TEC changes considerably both below and above the Curie temperature. The value of the volumetric coefficient ␤1 is 0.36 × 10 −5 K −1 between room temperature and T c ; whereas for temperatures above T c , ␤2 increases to 3.3 × 10 −5 K −1 , 30-32 becoming nearly equal to the value of STO. To study the thermal expansion of PFN thin films and STO substrate, the in-plane and out-plane lattice constants of PFN films and the lattice constant of STO were measured from 303 to 583 K. As shown in Fig. 4(a) , the lattice constant a t of (001), c o of (110), and d r(101 ) of (111) PFN thin films increased near-linearly with increasing temperature. Over the temperature range investigated, the mismatch between the in-plane lattice constants of PFN thin films and that of the STO substrate was essentially constant. Accordingly, this shows that the strain between the PFN film and substrate are also unchanged on heating in the range of 303 to 583 K. The values of ⌬L/L between the in-plane lattice constant of PFN films and that of the STO substrate are shown in Fig. 4(b) as a function of temperature. As can be seen in this figure, the linear TEC of the in-plane lattice constants for PFN films and that of the STO substrate are nearly the same in the temperature range between 303 and 583 K. Values of the linear TEC for the in-plane lattice constant of PFN (1 × 10 −5 K −1 ) are then summarized in Table I , where they can be seen to be similar to those for STO (1.06 × 10 −5 K −1 ). Because of the elastic constraint imposed by the SRO/STO substrate, the linear TEC of the in-plane lattice constant of PFN films both below and above Curie temperature is constant: this is notably different with that of bulk PFN crystals and ceramics.
The thermal expansion volume for each PFN film was then calculated as a function of temperature, using the lattice constants. The values of ⌬V/V for the (001) and (111) PFN films and the STO substrate are shown in Fig. 4(c) as a function of temperature. For the PFN films at temperatures above T c , the volumetric TEC was 3 × 10 −5 K −1 which was about the same as that of STO, whereas below T c , it had a lower value of 2 × 10 −5 K −1 , which is still notably larger than that of bulk PFN. The reason for the reduction in the volumetric TEC of PFN films is probably the change in the out-plane lattice constant below T c . Because of the epitaxial constraint imposed by the substrate, the volumetric thermal expansion of PFN cannot be as small as that of bulk PFN.
E. Thickness dependence of lattice parameters
The dependence of the lattice parameter for (001) PFN thin films on film thickness is shown in Fig. 5(a) . These films were all tetragonal, and the lattice parameters were nearly independent of film thickness. These results demonstrate that the epitaxial stress in (001) films is not relaxed with increasing film thickness (at least for t ഛ 500 nm).
However, for the (110) and (111) films, the lattice parameters were notably dependent on film thickness. For the (110) film, Fig. 5(b) shows that a o /√2 and b o /√2 both decreased with increasing film thickness for t ഛ 150 nm, whereas c o increased. Near t ‫ס‬ 150 nm, the structure appears pseudocubic with a o /√2 ≈ b o /√2 ≈ c o . The reason for the thinner films having a o /√2 and b o /√2 larger than c o is that the compressive stress along 〈001〉 is larger than that along 〈110〉 in the (110) plane. The results show for (110) PFN that increasing film thickness relaxes the epitaxial stress, accordingly the orthorhombic distortion of the structure is reduced. Similarly, the small R distortion of the (111) PFN thin layers was reduced with increasing film thickness, as shown in Fig. 5(c) . In fact, the structure of the thicker (111) films was seemingly pseudocubic.
IV. SUMMARY
Our structural investigations demonstrate that the phase transformational sequence of PFN thin films grown on SrRuO 3 -coated SrTiO 3 substrates depends on orientation:
(1) T → TЈ for (001) layers, (2) C → O for (110) layers, and (3) C → R for (111) ones. The O and TЈ phases do not exist in bulk PFN crystals/ ceramics at room temperature. The change in transformational sequence with orientations is attributed to epitaxial stress.
